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FOREWORD 
The increasing energy problem in contemporary times drove the scientific area 
working on new heating-cooling system alternatives one of which is adsorption heat 
pumps. Zeolites grown on metal surfaces of these devices can increase the efficiency 
appreciably. For the commercial use of the zeolites in adsorption heat pump 
applications, the stability of the coatings should be improved. For this purpose, in 
this study, a novel approach is presented with experimental examinations.  
I would like to express my deep appreciation and thanks for my advisor Prof. Dr. 
Melkon Tatlıer, special thanks to Dr. Çiğdem Atalay-Oral and gratitude to 
Fraunhofer Institute for their contribution. This work is supported by ITU Institute of 
Science and Technology and Tubitak Engineering Research Group (project no. 
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PREPARATION OF STABLE ZEOLITE COATINGS                                     
FOR USE IN ADSORPTION HEAT PUMPS 
SUMMARY 
The discovery of the superior characteristics of natural zeolites and the advances 
achieved regarding the synthesis techniques since 1900s, enlightened the scientific 
community regarding the potential usages of zeolites. Besides their high water 
sorption capacity, with their suitable shape of adsorption isotherms zeolites are 
promising materials for adsorption heat pump applications which is one of the 
diverse applications of the renewable energy sources. Preparing zeolite coatings on 
metal plates, caused a significant possibility of progress in these devices. They do not 
only eliminate the heat and mass transfer limitations of the adsorption heat pumps, 
but they are also enviromental friendly by giving the opportunity to use water as an 
adsorbate. 
As the researches about synthesizing zeolite coatings are proceeding, the stabilities 
of the coated zeolites are determined to be insufficient for these materials to be 
regeneratively used in adsorption heat pumps. In this study the thermal and 
mechanical stabilities of the zeolite coatings were aimed to be enhanced by 
synthesizing another layer on the zeolite coating. As the top layer, a very hydrophilic 
thickening agent: polyacrylic acid was determined to be suitable. Polyacrylic acid 
was synthesized and applied onto the zeolite coating layer. 
The synthesized materials were characterized by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and 
thermogravimetrical analysis (TGA). The mechanical and thermal stabilities of the 
coatings were determined by consecutive ultrasonic treatments and heating-cooling 
cycles, respectively. According to the TGA results, it was observed that the 
desorption density of the amount of water desorbed from the coatings was enhanced 
to some degree by coating polymer on the zeolite layer. Also the ultrasonic 
treatments applied on the zeolite and polymer-zeolite coatings showed that the 
stabilities of the coatings were increased in appreciable ratios by coating the zeolite 
layers with polyacrylic acid films which were well-integrated with the zeolite 
crystals and metal surface. 
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ADSORPSİYON ISI POMPALARINDA KULLANILABİLECEK                    
STABİL ZEOLİT KAPLAMALARININ HAZIRLANMASI 
ÖZET 
1900’lü yıllardan beri, doğal zeolitlerin üstün niteliklerinin keşfi ve sentez teknikleri 
hususunda elde edilen gelişmeler, bilim dünyasını zeolitlerin olası kullanım alanları 
ile ilgili aydınlatmıştır. Yüksek su adsorpsiyon-desorpsiyon kapasitesinin yanısıra, 
uygun adsorpsiyon izotermleri, bu malzemelerin, yenilenebilir enerji kaynakları ile 
ilgili çeşitli uygulamalardan biri olan adsorpsiyon ısı pompaları için umut vaadedici 
materyaller olduğu anlaşılmıştır. Zeolitlerin metal plakalar üzerine kaplama olarak 
hazıranması, bu cihazların olası gelişim sürecinde dikkat çeken bir nokta olmuştur. 
Zeolit kaplamalar, yalnızca, adsorpsiyon ısı pompalarında ısı ve kütle iletim 
sınırlamalarını ortadan kaldırmakla kalmamakta, aynı zamanda kullanıcı ve çevre 
dostu olarak suyun adsorbat olarak kullanımına imkan vermekte ve atık ısı veya 
güneş enerjisi kullanımına olanak sağlamaktadır. 
Zeolit kaplaması hazırlanması konusundaki araştırmalar sürerken, kaplanan 
zeolitlerin stabilitelerinin adsorpsiyon ısı pompalarında uzun süreli kullanım için 
geliştirilmesi gerektiği tespit edilmiştir.  
Bu çalışmada öncelikle paslanmaz çelik plakalar üzerine zeolit 4A ve zeolit 13X  
kaplamalar substrat ısıtma yöntemi ile hidrotermal sentez yolu kullanılarak 
sentezlenmiştir. Zeolit sentezinde sodyum silikat solüsyonu, granüler sodyum 
alüminat, NaOH pelletleri ve deiyonize su kullanılmıştır. Reaksiyon çözeltisi 
bileşimi olarak zeolit 4A sentezi için 50 Na2O : Al2O3 : 5 SiO2 : 1000 H2O, zeolit 
13X sentezi için ise 71.06 Na2O : Al2O3 : 26 SiO2 : 2132 H2O kullanılmıştır.  
Kullanılan paslanmaz çelik plakalar 1x1 cm2 boyutunda ve 0.5 mm kalınlığındadır. 
Substrat ısıtma yönteminde, paslanmaz çelik plakalar belli bir sıcaklığa kadar 
ısıtılırken, reaksiyon çözeltisinin sıcaklığının 25˚C sıcaklıkta kalması amaçlanmıştır. 
Bu sebep ile özel bir deney düzeneği kullanılmış, paslanmaz çelik plakalar doğrudan 
ısıtılırken, reaksiyon çözeltisi, su banyosu kullanılarak sürekli bir şekilde 
soğutulmuştur. Bu yöntemde amaç kristalizasyonun doğrudan substrat üzerinde 
gerçekleşmesi ve reaksiyon çözeltisi içinde herhangi bir kristal oluşumuna 
rastlanmak istenmemesidir. Zeolit 4A kaplamaları için paslanmaz çelik plakalar 
57˚C, zeolit 13X için ise paslanmaz çelik plakalar 58˚C olacak şekilde ısıtma 
sağlanmıştır. Elde edilen zeolitler X-ışını kırınımı (XRD) yöntemi ile karakterize 
edilerek literatür verileri ile karşılaştırmalı olarak elde edilen zeolit kaplama 
tiplerinin 4A ve 13X olduğu kesinleştirilmiştir. 
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Zeolit 4A kaplamaları 18, 24 ve 48 saatlik sentez süreleri, zeolit 13X kaplamaları ise 
48 ve 72 saatlik sentez süreleri sonucu elde edilmiştir. Bu şekilde 5 çeşit kaplama 
elde edilmiş olup, her kaplamadan ikişer adet sentezlenerek örnek sayısı 10’a 
çıkarılmıştır. İkişer adet sentezlenen her numune örneğinden birinin polimer ile 
kaplanması amaçlanmıştır. Bu örnekler haricinde ayrıca, daha sonra anlatılacak olan 
polimer çözelti yüzdesi tespiti için, 24 saatlik sentez yapılarak 3 adet zeolit 4A 
kaplaması daha hazırlanmıştır. 
Zeolit kaplamaların üzerine kaplanacak poliakrilik asit film sentezi için çözelti 
polimerizasyonu yöntemi kullanılmıştır. Bunun için 2.11 g akrilik asit monomeri, 
başlatıcı olarak 0.0109 g benzoyl peroksit ve çözücü olarak ise 25 ml su 
kullanılmıştır. Başlatıcı kullanılarak monomerlerin serbest radikal vererek, polimer 
zinciri oluşturmaları amaçlanmıştır. Reaksiyon sıcaklığı 88˚C civarına ayarlanmış 
olup, kontrol edici kullanılmıştır. Reaksiyon azot atmosferinde gerçekleştirilmiştir. 
Elde edilen polimer çözeltisi Fourier dönüşümlü kızılötesi spektroskopisi (FTIR) 
yöntemi ile karakterize edilmiş olup, literatürden alınan bilgiler ve ticari poliakrilik 
asitlerin (Mw 450 000 ve 3 000 000) FTIR analiz sonuçları ile karşılaştırılarak 
poliakrilik asit oluşumu kesinleştirilmiştir. 
Poliakrilik asit sentez sonucu elde edilen % 5.4lük polimer çözeltisi aynı miktarda su 
ile 1 kez ve 2 kez seyreltilerek, sırasıyla polimer yüzdesi % 2.7 ve % 1.4 olmak üzere 
iki farklı çözelti daha hazırlanmıştır. Elde edilen 3 farklı polimer çözeltisi 
kullanılarak, aynı kalınlıkta olan ve aynı sentez süreleri sonucu hazırlanmış zeolit 4A 
kaplamalarının üzerine polimer filmi kaplanmış ve elde edilen malzemeler 
termogravimetrik analiz (TGA) yöntemi ile analiz edilmiştir. Termogravimetrik 
analiz sırasında sıcaklık ortam sıcaklığından 150˚C’a 20˚C/dakika’lık ısıtma hızı ile 
çıkarılmıştır. Ancak farklı yüzdede olan çözeltiler arasında termogravimetrik açıdan 
çok fazla bir fark gözlenmemiş olup, % 2.7lik polimer çözeltisi ortalama bir değere 
sahip olduğundan, zeolit kaplamaların üzerini kaplamak amacı ile kullanılması 
kararlaştırılmıştır. 
% 2.7lik hazırlanan polimer çözeltisi paslanmaz çelik plaka üzerinde kurutularak 
yüzey poliakrilik asit ile kaplanmış ve daha sonra termogravimetrik analize 
(20˚C/dakikalık ısıtma hızı ile numune sıcaklığı ortam sıcaklığından 150˚C’a 
çıkarılmıştır) tabi tutulmuştur. Sonuçta saf polimerin belirli termogravimetrik 
şartlarda % 12 oranında su kaybına uğradığı anlaşılmıştır. Aynı termogravimetrik 
şartlar çalışmanın devamında tüm numunelerin analizinde kullanılmıştır. 
Aynı şartlarda ikişer adet sentezlenmiş olan zeolit kaplamalardan birer adetini          
% 2.7lik polimer çözeltisi ile kaplamak amacı ile polimer çözeltisi bir petri kabına 
dökülmüş, ardından zeolit kaplı paslanmaz çelik plakalar tamamı ile bu çözeltiye 
daldırılmıştır. Bir dakika kadar zeolit kaplı plakalar sağa-sola oynatılarak polimer 
çözeltisi ile tamamen kaplanması sağlanmış, ardından çözeltiden çıkarılarak 2 saat 
oda şartlarında tutulmuş ve sonrasında 1 gün boyunca 50˚C’lık etüvde kurutulmuştur.  
Çalışmalar boyunca tüm numuneler kurutulmalarının ardından kontrollü nem 
koşullarında (NH4Cl çözeltisi kullanılarak) oda sıcaklık ve basıncında saklanmıştır. 
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Elde edilen beşer adet saf zeolit kaplamaları ve polimer-zeolit kaplamaları 
termogravimetrik analize tabi tutulmuştur. Her eşdeğer numune karşılaştırılmıştır ve 
aynı şartlarda sentezlenen biri saf-zeolit diğeri polimer-zeolit kaplamasının 
termogravimetrik analiz sonuçları arasındaki farklılıklar saptanmıştır. Buna göre 
termogravimetrik analiz sonucu (20˚C/dakikalık ısıtma hızı ile numune sıcaklığı 
ortam sıcaklığından 150˚C’a çıkarılmıştır), zeolit kaplamaların polimer ile 
kaplanması durumunda kaybettikleri (desorpladıkları) su yüzdesinin arttığı tespit 
edilmiştir. Saf zeolit kaplamalarının TGA analizi sonucu su kayıplarının minimum   
% 12.4 olduğu ve ortalama % 13-14 arası değiştiği gözlenmiştir. Ancak saf polimer 
filmin aynı şartlarda desorpsiyon miktarının % 12 olduğu hatırlatılmalıdır. Buna göre 
polimer kaplanmış zeolit kaplamalarının desorpsiyon miktarının artması beklenen bir 
durum değildir. Bu artışın sebebi olarak, daha evvel bir polimer-zeolit matriks 
membran çalışmasında zeolit tanecik büyüklüğünün geçirgenlik üzerindeki etkisini 
açıklamakta kullanılmış olan polimer-zeolit arasındaki arafaz oluşumu 
önerilebilir.Çalışmanın takip eden kısmında, numunelerin ardışık ultrasonik işlemler 
ve ısıtma-soğutma çevrimleri ile stabiliteleri tespit edilmiştir. Öncelikle 10.5 kHz, 21 
kHz ve 35 kHz frekanslarda 3 adet ultrasonik işleme tabi tutulan numuneler ardından 
ısıtma-soğutma çevrimi olarak 150˚C’a kadar aniden ısıtılıp, 1 dakika bu sıcaklıkta 
tutulduktan sonra yine kontrollü nem ortamında oda sıcaklığına düşmesi ve denge 
haline gelmesi için 1 gün bırakılmıştır. Bu işlemleri takiben, numuneler bir kez daha 
35 kHz frekanslık ultrasonik işleme tabi tutulmuş ve ilk kaplama ağırlığı ile son 
kaplama ağırlığı karşılaştırılmıştır. Buna göre saf zeolit kaplamaları % 1.5-22.9 arası 
kütle kaybına uğrarken, polimer-zeolit kaplamalarının kütle kaybının % 0-3.9 
arasında değiştiği gözlenmiştir. Her numune türü için (ikişer adet hazırlanan her 
numune tipi için), karşılaştırma yapıldığında, polimer filminin istisnasız her denenen 
durumda stabiliteyi arttırdığı ve kütle kaybını önemli ölçüde azalttığı tespit 
edilmiştir. Ayrıca termal çevrimlerin (hızlı ısıtma-soğutma koşullarının) çatlak da 
dahil olmak üzere herhangi bir fiziksel değişime yol açmadığı gözlenmiştir. 
Elde edilen numunelerden 24 saatlik sentez sonucu elde edilen saf-zeolit kaplama ile 
yine 24 saatlik sentez sonucu elde edilen polimer-zeolit kaplamanın termal iletkenlik 
ve termal difüziviteleri lazer flaş yöntemi ile (Xenon LFA 224 Nanoflash®) analiz 
edilmiştir. Buna göre polimer kaplamanın, toplam kaplamanın termal iletkenliğini 
arttırırken termal difüzivitesini azalttığı gözlenmiştir. Literatür karşılaştırmasında, 
poliakrilik asitin termal iletkenlik değerlerinin, polimer-zeolit kaplama iletkenliğini 
arttırmada etkili olabileceği anlaşılmış olup, polimer filmin zeolit kaplamanın termal 
difüzivitesini azaltması beklenmedik bir durum olarak ortaya çıkmıştır. Termal 
difüzivitedeki bu azalma, polimerin zeolit boşluklarını doldurması ve toplam 
kaplamanın yoğunluğunu arttırması ile açıklanmıştır.   
Sonuç olarak polimer filmin zeolit kaplamanın desorpsiyon performansını kötü 
etkilememek suretiyle (tam tersine arttırarak), ısıl-mekanik stabilitesini geliştirdiği 
bu çalışma ile gösterilmiştir. Aynı zamanda polimer filminin zeolit kaplama yüzeyine 
iyi bir şekilde tutunduğu ve zeolit yapısında bulunan mikrogözeneklerin 
fonksiyonunu etkilemediği gözlenmiştir. Polimer-zeolit kaplamaları, adsorpsiyon ısı 
pompası dışında diğer zeolit uygulamaları için de kullanılabilir. Farklı amaçlar için 
çeşitli zeolit, polimer ve substrat tipleri araştırılabilir. 
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1.  INTRODUCTION 
The technological improvements came along with the personal needs and tendency to 
diminish the manpower. The developing industrial processes replacing the man 
power and the comforting issues made us dependent to heating-cooling systems. 
Until recently, the mechanical heat pumps seemed to be the best option for the 
control of ambient temperature due to the economical benefits resulting from their 
high performance. However, in the past century with the realization of the negative 
effects of traditional heating-cooling system on the enviroment, such as perforation 
of the ozone layer and contribution to global warming, the popularity of the 
mechanical heat pumps started to decrease. According to the enviromental 
regulations declared first in Montreal (1988) and after in Kyoto (1998), the 
chlorofluorocarbons and hydrochlorofluorocarbons, emitted by mechanical heat 
pumps and well-known to be harmful to the ozone layer, are  prohibited and the use 
of refrigerants causing emission of greenhouse gases (CO2, CH4, N2O, 
hydrochlorofluorocarbons, PFC and SP6) are restricted. It is expected in the next 
decades, these restrictions to become bans.  One of the alternatives for heating-
cooling purposes, was adsorption heat pump with its ability to use waste heat or solar 
energy and potential of high energy efficiency. One of the key points of the 
adsorption heat pump design was to determine suitable adsorbent-adsorbate pairs, for 
which zeolite was determined to be an adsorbent with high capacity for water as an 
adsorbate. In the last decade, the ongoing studies to improve zeolites for use in 
adsorption heat pump applications resulted with the idea of preparing zeolites as 
coatings on metal substrates. As the performance increase is endeavored by different 
techniques, the stability of the coating was required to be enhanced as well. In this 
context, with this study it is aimed to enhance the stability of zeolite coatings on 
stainless steel plates, by using mechanically stable coatings of a hydrophilic polymer: 
polyacrylic acid.   
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2.  THEORY 
2.1 Zeolites and Synthesis Methods 
2.1.1 Zeolites 
Zeolites are crystalline aluminosilicates containing micropores with uniform sizes 
distributed in their three-dimensional frameworks. Zeolite is composed of  tetrahedra 
(TO4) connected to each other by sharing oxygen atoms, of which the T atoms 
represent either Al or Si. Unlike Si atoms, Al atoms bring negative charge to the 
framework leading to extraframework cations incorporating into the structure which 
can be organic or inorganic. Chemically, zeolites are represented by the Mm+n/m • 
[Si1-nAlnO2l] • nH2O empirical formula in which extraframework cations are 
represented by Mm+n/m , main framework is represented by  [Si1-nAlnO2] and the 
sorbed phase is represented by nH2O. The cations placed in the cavities of the 
framework are ion-exchangable [1,2]. 
Zeolites can naturally occur in the sedimentary rocks in open or closed hydrological 
systems, sea and soil or hydrothermally by the dissolution of volcanic glass by hot 
water in geothermal systems. Natural zeolite is a research subject of Geology 
Discipline whereas synthetic zeolite is an interest of other multiple disciplines such 
as Chemical Engineering and Chemistry. 
2.1.1.1 History of zeolites 
Hydrated aluminosilicate materials were first christened as “zeolite” in 1756 by Axel 
F. Cronstedt. The word “zeolite” is formed of basicly two Greek words coming 
together: zein which means “I boil” and lithos which means “stone” constituting 
“boiling rock” because of giving out water vapour while heating. The discovery of 
natural zeolites with superior properties, brought the interest in synthesising zeolite. 
However, in 17. And 18. Centuries, the lack of technological resources resulting with 
insufficiency of the highest temperatures and pressures reached in laboratory 
enviroment and unsatisfying diagnosis techniques for a proper zeolite synthesis, there 
4 
were almost no challenging developments. In 1930s, the first systematic study of 
high pressure-temperature zeolite synthesis was started by Richard M. Barrer. The 
results of Barrer’s study provided the driving force to Union Carbide1 to search for 
zeolite synthesis under less-extreme conditions in the late 1940s and brought up the 
commercial success of zeolite FAU in oil refining in the late 1950s. In the meantime, 
the development of the X-ray spectroscopy and gel synthesis methods in 1940s made 
a big contribution to the zeolite synthesis developments and diagnosis [1,3]. 
In 1950-1960s, a wide range of zeolite types were discovered. Some of them were 
appropriate for commercial uses with their enhanced adsorption capacities and 
microporous topologies. The most important studies in the mentioned years were the 
synthesis using reactive alkali  aluminosilicate gel under 150˚C by Milton and Breck 
and  hydrothermal synthesis up to 450˚C by Barrer. [4] 
Between 1960-1980, most of the studies were concentrated on broadening the 
chemical composition and development of new topologies of zeolites [4]. 
In 1960s, Mobil2 first introduced organic cations into zeolite synthesis and in 1970s 
their MFI-type zeolites were dicovered to be advantageous in catalytic reactions. In 
1980s the aluminophosphate molecular sieves and their derivatives were introduced 
for the first time by the Union Carbide and the first introduction of titanosilicate 
molecular sieves was made by Eniricerche3. Following these spectacular 
developments, the increase in the number of the researches about zeolites gained an 
acceleration. In the last century the publication rate was around 4200 publications per 
year [1]. 
2.1.1.2 Structure of zeolites 
The fascinating properties of zeolites like ion-exchange ability, sorption capacity, 
shape selectivity for separation and catalytic activity, are all consequences of the 
distinctive structure. Determination of the key components of the structure of a  
____________________________________________________________________ 
1 Union Carbide Corporation is a wholly owned subsidiary of The Dow Chemical Company 
founded in 1917, which produces chemicals and polymers. 
2 Mobil, previously known as the Socony-Vacuum Oil Company, was a major American oil company 
founded in 1911. 
3 Eniricherche, is the corporate research company of the ENI group. ENI is the hydrocarbon domestic 
authority holding companies operating worldwide.  
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zeolite, such as the size of the pores, channel system, the volume of the void, 
topology of the framework, the cation sites and their accessibility, can lead a person 
to a satisfying justification of the featured functions of a zeolite [5].  
The structure of a zeolite is basically a form of three dimensional, crystalline, 
inorganic, complex framework composed of AlO4 and SiO4 tetrahedra bounded to 
each other by sharing oxygen atoms, in such a way that uniform micropores occur 
[6].  
The chemical composition and topology of the framework tetrahedral atoms (T and 
O), can give opinion regarding the pore size, the void volume, the arrangement of the 
cages, and the number and structure of the available cation sites. Unlike many 
zeolitic materials, the cristallinity of a zeolite shows periodicity which promotes the 
understanding of the structure via analytical techniques such as solid state NMR, 
powder diffraction, electron microscopy etc [5]. 
Framework of a zeolite is a three-dimensional 4-connected structure constructed 
from tetrahedras which share O atoms forming a cage. The framework of a zeolite 
can be defined by its pore openings and the channel system dimensions [5]. 
Tetrahedra 
A tetrahedron is a TO4 atom group in which T atom is Si or Al which is connected to 
the O atoms on four sides. Tetrahedra is the main building unit of zeolite framework 
and cages. While there are completely siliceous structures known, the amount of Al 
in the cages may also vary over a wide range as well. This range is between Si/Al=1 
to ∞. The lower limit of Si/Al=1 was first proposed by Lowenstein4. As the Si/Al 
ratio increases, the hydrothermal stability and the hydrophobicity of the zeolite 
increases. It is possible to modify the cage by inserting Si or Al into the framework. 
Other elements such as B, Ge, Zn, P and some transition elements can also be 
incorporated into the structure. The angle around the T atom in the TO4 tetrahedra is 
nearly tetrahedral, whereas the T-O-T bond angle, which connects different 
tetrahedras, can vary between  ̴ 125˚ to  ̴ 180˚ [2]. 
____________________________________________________________________ 
4 The Lowenstein rule suggests that, Al-O-Al linkages in a zeolite framework are not allowed. As a 
result all the tetrahedra with Al must be connected to the tetrahedra with Si atom resulting with the 
minimum of the ratio (Si/Al) to be 1. However the recent studies proved that Lowenstein’s rule may 
not be valid in some cases, especially for sodalite cages [7]. 
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The Si/Al ratio also effects the overall charge of the framework and the distribution 
of the charge-balancing ions (cations). As the Si/Al ratio increases the acid-site 
concentration decreases because of the decreasing Al atom density (decreasing AlO4 
and negativity as well) within the framework. The extraframework cations can pass 
into some crystals depending on their sizes and they can push other pre-existing 
cations out from the cages, or they may form clusters at different locations of the 
framework [2,9]. For low concentrations of an ion, the clustering is proposed not to 
be affected by the Si/Al ratio. The relationship of the clustering with the Si/Al ratio is 
still being investigated for different concentrations of cations. This distribution of 
ions within the cages and overall charge of the framework is an important criterion 
for the ion-exchange property of the zeolite [2,9]. 
Zeolites with Si/Al <  ̴ 10 show hydrophilic behaviours and zeolites with Si/Al >  ̴ 10 
behave in a hydrophobic manner [2]. 
Besides, the microporosity of zeolites, resulting in the high internal surface, is an 
important property affecting the adsorption capacity of the zeolite. The internal 
surface is usually between 300-700 m2/g which can be up to 98 % of the total surface 
of the zeolite [2]. 
2.1.1.4 Uses of zeolites 
The scientific importance and commercial success of zeolites originate from their 
superior properties as ion exchangers, adsorbents and catalysts.  
The cations loosely held in the cavities of the framework of zeolites are amenable to 
cation exchange letting the zeolites to adsorb other polar molecules reversibly. 
Depending on this ability, one of the areas in which the zeolites are actively used 
industrially is the manufacture of laundry detergents. Water can be softened by 
zeolites which have the ability of replacing calcium and magnesium ions by sodium 
ions in water [1,2].  
The microporous structure of these molecular sieves allowing molecules with certain 
sizes to pass through while blocking the others, which can simply be explained as 
surface selectivity of zeolites, make them appropriate to be used as adsorbents. As 
adsorbents they can be used for different separation processes, especially 
purification, such as isolation of water from natural gas. [1,10]. 
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Zeolites catalyze reactions by confining molecules in their cavities and also they are 
suitable to be used in catalytic reactions with their resistance to high temperatures 
and the highly dispersed acidic protons in their framework, especially for acid-
catalyzed reactions. Their ability of being used as catalysts leads them to be used in 
oil rafination, petrochemical production and fuel manufacture [1,6].  
There are still lots of proceeding researches on the use of zeolites in the reactions 
other than acid-catalyzed ones. Shape selective oxidation reactions are started to be 
investigated after the discovery of titanosilicate molecular sieves while use of 
zeolites in the shape-selective redox and base-catalyzed reactions became significant 
by the researches over encapsulation of organometallic complexes, organic and 
extraneous inorganic functional groups inside the inorganic molecular sieves [1,6].  
Besides the areas mentioned above, zeolites are used in waste water treatment, 
nuclear waste treatment, animal food manufacture, fertilizers, pigments and 
jewellery. [1,6]. 
There are still many efforts to introduce zeolites in novel areas such as sensors, 
membranes, optoelectronics, electrorheological fluids and functional nanomaterial 
fabrication. These efforts bring the necessity of controlling the crystal size and 
morphology of zeolites as molecular sieves [1]. 
2.1.2 Zeolite synthesis 
The discovery of `boiling rocks´: zeolites, and understanding their promising 
abilities, has brought the interest in synthesizing them. The realistic efforts for zeolite 
synthesis was started in 1900s with achieving the technology of providing high 
temperatures and pressures in laboratory environment [11].  
Lately, the most important issue regarding the synthetic zeolites come up to be the 
complete control of the zeolite crystal’s size and morphology. The basic and the most 
preferable synthesizing method is the hydrothermal synthesis because of the high 
reactivity of the reactants, easy control of the reactions at different areas, occurance 
of metastable phases, low energy consumption, reduced air pollution etc. Also there 
are different synthesis method options mostly dedicated to special needs by giving 
the opportunity to synthesize zeolite crystals with certain morphologies [11]. 
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The main reactants are water, an aluminium source and a silica source. The amounts 
to be used in the reaction are determined according to the aimed product. The amount 
of water to be added should be determined by taking the water content of the other 
ingredients into account. Also the small percentage of free water is recommended to 
be considered as well, such as the 2-3 % of free water in sodium hydroxide pellets, 
even though it doesn’t constitute the most important part of the reaction mixture.  As 
aluminium source, aluminium nitrate, aluminium sulfate, aluminium phosphate or 
another compound of aluminium can be selected. However using an aluminium salt 
may end up with strong electrolytic effect of the alkali salts in the reaction mixture 
because of pH adjustment or addition of alkali silicalite solutions. A widely used 
silica source is sodium silicate. For a high-silica zeolite synthesis, colloidal silica sol 
can be preferred which is usually provided with stabilizers (SiO2/Al2O3= ̃3000-3500), 
or fume silica is another option for low aluminium content (SiO2/Al2O3>20 000). For 
a high-silica content of the resulting zeolite, aluminium contamination should be held 
low. Also precipitated silica, tetramethylorthosilicate, tetraethylorthosilicate can be 
used as silica sources [13]. 
Crystallization 
Zeolite crystallization is composed of sequential steps of nucleation of the phase(s), 
growth and gathering of the nuclei forming crystals and crystal growth. During the 
nuclei growth, materials from the solution are consumed. The formation of zeolite 
crystals end up from precipitations from an aluminosilicate solution.[12] 
Nucleation 
The first step of crystallization is nucleation which is classified into 2 mechanisms: 
primary nucleation and secondary nucleation. The primary nucleation is initiated in 
the solution by the driving force of the solution itself. The absence of any external 
effects or materials generates homogenous primary nucleation, whereas by addition 
of a catalyzer heterogenous primary nucleation occurs. Secondary nucleation occurs 
by the catalyzer effect of the parent crystals, either previously developed in the 
unseeded system by primary nucleation or added to the system at the beginning of 
the synthesis process [12].  
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Depending on the aqueous system movements, fluid shear, contact/collision, 
breeding, fracture of the parent crystals etc. all promote secondary nucleation by 
release of nuclei from the parent crystal. In many zeolite synthesis systems, since 
there are no fluid motions, the secondary nucleation is not likely to occur. However 
the advantage of the secondary nucleation is the usage of lower activation energy 
than the primary nucleation. In case of an amorphous gel matrix formation during the 
synthesis, the nuclei may have a bigger chance to dissolve in the solution to form 
secondary nucleations [12]. 
Another option for secondary nucleation is initial breeding of previously formed 
nuclei/crystals which is a kind of “seeding” resulting in increasing crystallization 
rates. The initial breeding is caused by adding microcrystalline dust into the reaction 
solution which is previously torn apart from a crystal. This dust serves as nuclei and 
enhances the crystal surface [12]. 
Crystal Growth 
Both  nucleation and crystal growth are driven by the existing supersaturation in the 
solution. The materials in the solution slowly becoming involved in the crystals 
provoke crystal growth and this process is denoted with Equation (2.1) [12]. 
 
                                              dL/dt=G=Ksa     (2.1) 
G: linear crystal growth rate 
s: supersaturation 
K: temperature-dependent rate constant 
a: an exponent expressing the dependence of G on the s. 
The value of “a” is determined to be between 1-2 for the surface reaction limited 
crystal growth processes, where the value 1 refers to a planar surface with diffusional 
transport limitations. The activation energies related to the crystal growth are 
suggested to be limited by the surface reaction kinetics rather than diffusion from the 
solution to the surface of the crystal.  The activation energies for most of the surface 
kinetics limited crystal growths are found to be between 43-96 kJ/mol [12]. 
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The temperature and time of the reaction may affect the crystal size and morphology 
of the crystals. In order to get the desired zeolite phase, only the correct range of 
temperature should be applied. Moreover, it is possible to say that increasing the 
temperature may increase the particle size and crystallinity of certain zeolite types. 
Also it is known that crystallinity increases with increasing time. However the 
metastable nature of zeolites causes the tendency to turn into a more stable phase 
during synthesis. The resulting material may not be the desired phase after a certain 
time [11,14]. 
Another important factor that affects the nucleation and crystal growth kinetics 
during zeolite synthesis is aging. Aging is the period of the formation of germ nuclei 
between the preparation of the reaction solution and the start of the reaction when the 
reaction temperature is reached. It is known that, letting the solution go through 
aging under the reaction temperature before synthesis, leads to an increase in the 
nucleation rate and number of crystals and decrease in the crystallization time and 
crystal size [11]. 
Zeolite synthesis is typically carried out without stirring. In case of a dynamic 
reaction solution, smaller crystal sizes dominating the preferred zeolite phase (type) 
occur as a result of the stirring effect. For example it is observed that LTA type of 
zeolite is more likely to be synthesized by stirring instead of FAU type of zeolite 
[11]. 
2.1.2.2 Other zeolite synthesis techniques 
There are various techniques developed for zeolite synthesis other than hydrothermal 
synthesis depending on the system and desired phase [11]. 
Solvothermal Synthetic Route: It is simply called non-aqueous synthesis, carried out 
either by an organic solvent or mixed organic-water solvent. Compared to the 
aqueous synthesis solution, the reaction rate is lower. It has been used for special 
needs such as synhesis of large silicalite crystals. There are many alcohols used as 
solvents so far for the studies of solvothermal synthesis [11]. 
Ionothermal Synthetic Route: Ionic liquids or eutectic mixtures are used as solvents. 
The ionic character of the solvent becomes important because of its interaction with 
the cations. The safety issues regarding the vapor pressure and the competition 
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between the template-framework and solvent-framework interaction are eliminated 
by this method [11]. 
F- Synthetic Route: F- is used instead of OH- mineralizers. It is for silica-based or P 
and other heteroatoms included zeolites which can be synthesized in media with pH 
lower than 10-11, particularly near neutral media. Transition metal ions hydrolize in 
strong alkaline medium to form hydroxide or oxide precipitates and it can be 
overcame by eliminating OH- from the medium. This route promotes growth of large 
crystals with a slower nucleation rate [11]. 
Microwave-assisted Hydrothermal Synthetic Route: Microwave (electromagnetic 
radiation 0.3-300 GHz) heating is applied during the hydrothermal synthesis. It is 
faster, cleaner and more energy efficient. It allows uniform heating in the reaction 
mixture. By increasing the reaction rate, it affects the morphology of the final zeolite 
product [11]. 
Microemulsion-based hydrothermal Synthetic Route: Oil is used as surfactant and 
water is used as co-surfactant forming droplets of water-in-oil or oil-in-water. Instead 
of water, it is possible to use a straight-chain alcohol such as butanol or pentanol 
which reduces the interfacial tension. It is useful for controlling the size and 
morphology of some materials by confining the reaction within the surfactants 
assembly. It can lead to formation of fiber-shaped particles [11]. 
Dry-gel conversion synthetic Route: A dry aluminosilicate gel is promoted to 
crystallize by contacting with water vapor. It is especially used for preparing zeolite 
membranes on carriers like alumina. In this method usually surface directing agents 
are used and it is possible to follow the crystallization and understand its mechanism 
[11]. 
2.2 Adsorption Heat Pumps and Zeolite Coatings 
In the past two decades the awareness of the serious ozone layer damage and global 
warming caused by the mechanical heat pump systems increased considerably, 
leading to a search for alternatives for heating and cooling purposes. Adsorption heat 
pumps were firstly developed as an alternative ecofriendly refrigeration technology 
with high primary energy efficiency. Adsorption heat pumps operate with various 
kinds of energy such as solar energy, geothermal energy or waste heat and do not 
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performance increase of these devices [16,20]. Using a zeolite adsorbent in the 
adsorption heat pumps, as coatings on metal surfaces, may remove the heat and mass 
transfer limitations and may reduce the time of duration of a single cycle in the 
adsorption heat pumps. This reduction is discovered to be related to the thickness of 
the zeolite coating and the optimum thickness is suggested to be 50-150 µm so far. 
The performance also depends on the nature of the coating. The coating should be 
well attached to the metal support and intercrystalline voids in the coating might help 
for obtaining higher diffusion performance. Also the mechanical-thermal stability of 
the coating has a significant effect on the sustainable and continuous usage of the 
adsorption heat pumps. The zeolite coatings should keep their integrity under rapid 
heating and cooling conditions [16,21]. 
The substrate heating method is a very suitable and preferrable way of synthesizing 
zeolite on a metal support, which allows a better manipulation of the zeolite 
synthesis [16]. During the synthesis of zeolite coatings on metal surfaces, the 
relevant surface of the substrate is submerged in a clear zeolite reaction mixture (as 
prepared in conventional hydrothermal synthesis) leading to crystallization occurring 
preferentially on the substrate by heating only the substrate. The temperature of the 
reaction mixture is kept low preventing crystallization in the mixture and therefore 
preventing excess consumption of the reactants [22,23]. 
Preparation of zeolite coatings on metal substrates may cause difficulties depending 
on the metastable nature of the zeolite itself. During the synthesis, the first zeolite 
phases formed are unstable, which in time turn to more stable zeolites. Since the 
zeolite can evolve to more stable phases in time, the duration of the reaction should 
be adjusted according to the desired zeolite type. Also the reactant types and 
proportions and the temperature applied to the substrate affect the synthesized zeolite 
structure. Another difficulty is the crystallization in the reaction mixture which could 
be minimized with a cautious cooling [22].  
2.3 Polyacrylic Acid and Synthesis Methods 
Acrylic acid is a vynil group containing unsaturated carboxylic acid. It is an organic 
compound named prop-2-enoic acid by IUPAC. The chemical formula is shown in 
Figure 2.13 [24]. 
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poly(acrylates) which is not practical because of the acid-function which can destroy 
the initiator. Also poly(acrylamides) can be hydrolyzed to PAA [26].  
Another way to synthesize PAA is radiation-induced polymerization in which visible 
light and γ-radiation is used to induce polymerization. Ultraviolet light can be used to 
decompose free-radical initiators in which syndiotactic PAA can be the resulting 
polymer [26]. 
The most common way to form PAA is free-radical polymerization. In this method, 
polymerization occurs in aqueous solutions by adding initiators such as peroxides or 
persulfate ion [26,29]. In free-radical polymerization redox systems can initiate the 
polymerization as well. Different redox systems are listed in literature. Also 
dissolved electrolytes in aqueous phase can cause monomer acids to salt out, then 
dispersed by agitation leading to suspension polymerization. Another way of free-
radical polymerization can be performed by dispersion of an aqueous monomer 
solution in hydrophobic solvents. Besides, poly(vinylpyrrolidone) is found to be 
acting as a template and increasing the rate of polymerization [26].
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3.  EXPERIMENTAL STUDY 
3.1 Objectives 
Recently it has been revealed that, the zeolite coatings synthesized on metal surfaces 
are effective adsorbents to be used in adsorption heat pumps. However, for consistent 
usage of zeolite coatings in adsorption heat pump applications, it is expected for 
them to show good mechanical-thermal stability. According to Tatlıer et al., although 
the stability of zeolite coatings on metal substrates are not affected by the rapid 
heating-cooling cycles more than a moderate level, the ultrasonic treatments caused 
relatively higher mass losses [21]. In this experimental study, the stabilities of zeolite 
coatings synthesized on metal surfaces were aimed to be increased by coating them 
with polyacrylic acid. 4A and 13X types of zeolites were synthesized as zeolite 
coatings due to their high water sorption capacity and easy synthesis route. 
Polyacrylic acid is a hydrophilic material, and dry PAA is known to be able to adsorb 
a considerable amount of water. Also the degradation temperature being higher than 
200˚C makes it possible to be used in heat pump applications in which the 
temperature during the thermal cycles rises approximately to 150˚C. Being used in 
various thickening applications, PAA is considered to be a promising material in 
enhancing the mechanical stability of the zeolite coatings. Main objective is to 
increase the stability of zeolite coating without affecting its functions as an 
adsorbent. 
3.2  Methodology 
3.2.1 Coating zeolite 4A and zeolite 13X on stainless steel metal surfaces 
Hydrothermal synthesis by using the substrate heating method was performed for 
preparing zeolite 4A and zeolite 13X coatings (pure zeolite coatings) on 1x1 cm2 
stainless steel plates (AISI 316). The recipes of the reaction mixtures are shown in 
Table 3.1. 
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Table 3.1: Reaction mixture recipes 
Zeolite 
Types 
ZEOLITE 4A (LTA) ZEOLITE 13X (FAU) 
Formulas Na12[(AlO2)12(SiO2)12]:27H2O Na88[(AlO2)88(SiO2)104]:220H2O 
Batch 
Composition 
10Na2O:0.2Al2O3:SiO2:200H2O 71.06Na2O:Al2O3:26SiO2:2132H2O 
Source Materials 
Deionized 
Water             
135.85 g 167.43 g 
Sodium 
Hydroxide7  
                   31.28 g 28.931 g 
Sodium 
Aluminate8     
1.5625 g 0.94 g 
Sodium 
Silicate9     
9.211 g 24.938 g 
For preparing the reaction mixture, polypropylene containers were used with 
appropriate sizes. Firstly, in a main container the deionized water was weighed and a 
magnetic bar was placed inside to maintain continuous mixing during the preparation 
of the solution. The NaOH was added to the water and mixed until all of the NaOH 
pellets were homogenously dissolved in the water. Next the sodium aluminate was 
added to the mixture slowly to assure its dissolution. When the sodium aluminate 
was perfectly mixed and the solution turned back to its clear appearance, sodium 
metasilicate was added and stirred. Right after the preparation of the reaction 
mixture, the synthesis was started. 
For the substrate heating method, a proper reaction device allowing the substrate to 
be heated on one side while letting the other side contact the cooler solution was 
used. In Figure 3.1 the device and its fragments can be observed. 
____________________________________________________________________ 
7 (NaOH)  Pellets, Pure, [Na2O.H2O] (Riedel-de Haen),  99-100 % 
8 Anhydrous, technical, Al as Al2O3  50-56 %, Fe as Fe2O3  0.05 % max, Na as Na2O  40-45 %, 
1.249Na2O:Al2O3:0.524H2O, (Riedel-de Haen) 
9 Solution, [Na2Si3O7], NaOH 10 %, SiO2 27 %, 0.2871Na2O:SiO2:8.0282H2O, (Riedel-de Haen) 
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The central part of the device is simply a teflon block with a stainless steel rod 
embedded inside. One end of the rod gets in contact with the stainless steel plate by a 
conducting screw which gets out of the teflon block and vertically appears on one 
side of the central piece of the device (Figure 3.1(a)), ensuring the heating of the 
substrate directly from one side. The other end of the rod also gets out of the teflon 
block on the top and it is specially shaped to fit the 30 W resistance. The resistance 
placed at the top of the rod heats the substrate by conduction through the rod inside 
the teflon block and the screw conducts this heat to metal substrate to increase its 
temperature. All other fragments of the device are made up of teflon.   
(a) 
 
 
 
(b)       (c)      
 
 
 
 
(d)                  (e) 
   
 
 
Figure 3.1: Zeolite synthesis device apropriate for substrate heating method.                   
(a) placing the stainless steel plate on the main part of the device and fixing in its 
position by a ring-shaped teflon piece; (b) the main part of the device is clothed with 
teflon plates from 3 sides to minimize the heat transfer to the solution; (c) on the side 
of the main part on which the plate is placed is covered with a teflon plate with an 
opening on it allowing the plate contact the solution; (d) the main part of the device 
is attached to the 3 teflon plates with a rubber band and the resistance is placed on 
the metal piece at the top of the main part to evoke heat transfer into the main device 
reaching to the plate; (e) the whole device is dipped into the reaction solution, 
enough to cover the plate. 
Polypropylene 
container 
Reaction Solution 
Cooling water 
Water bath 
Metal  
Substrate 
Metal  
Substrate 
Conducting rod 
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The fragments which constitute the four sides of the device are used to keep the heat 
inside and prevent the solution receiving heat from the central piece of the device. 
(Figure 3.1(b), (c)). The ring-shaped piece of the device is used to support the 
stainless steel substrate to be fixed in its bed (on the screw) while the piece in Figure 
3.1(c) (screwed on the central piece) is used to keep the plate on the device while 
preventing the central piece from losing heat to the surrounding solution. (Figure 
3.1(a)). The pieces are held together with a rubber band. 
The device was placed in a 500 ml polypropylene container which was partly filled 
with the reaction mixture ensuring to keep the plate in the solution. This 
polypropylene container is then placed into a water bath to keep the temperature of 
the reaction mixture low. (Figure 3.1(e)). 
After the preparation of the experimental setup, the temperature of the stainless steel 
rod was set to 140˚C for zeolite 4A and 145˚C for zeolite 13X and the temperature 
was controlled by a controller with ±5˚C accuracy using thermocouples. It is also 
known that zeolite 13X is a more stable phase than zeolite 4A and generally needs a 
longer reaction time and higher temperature. The container was placed in a 
temperature-controlled water bath which was held at 25˚C. 
After preparing the device and the reaction solution, for the synthesis of zeolite 4A 
the reaction was carried on for 18, 24,  and 48 hours, rexpectively. For zeolite 13X, 
48 and 72 hours of reaction durations were used. Synthesized samples are presented 
in Table 3.2. 
Following the end of reaction, the coated plates were washed with  deionized water, 
dried for a while in an oven and kept under room conditions for 1 day to allow the 
zeolite to reach saturation. 
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Table 3.2: Samples used in the experiments 
To be analysed as pure zeolite coatings To be analysed after polymer covering 
 
 
 
                              
3 Samples prepared for preliminary 
investigation 
(Zeolite 4A samples prepared after 24 
hours of synthesis, coated with polymer 
using 3 different dilutions of polymer 
solution for determination of the most 
appropriate polimer solution for coating 
as explained in section 3.2.2.)  
Sample 1 Zeolite A 
18 hours of synthesis 
Sample 6 Zeolite A 
18 hours of synthesis 
Sample 2 Zeolite A 
24 hours of synthesis 
Sample 7 Zeolite A 
24 hours of synthesis 
Sample 3 Zeolite A 
48 hours of synthesis 
Sample 8 Zeolite A 
48 hours of synthesis 
Sample 4 Zeolite X 
48 hours of synthesis 
Sample 9 Zeolite X 
48 hours of synthesis 
Sample 5 Zeolite X 
72 hours of synthesis 
Sample 10 Zeolite X 
72 hours of synthesis 
 
3.2.2 Covering the zeolite coatings grown on stainless steel surfaces with 
polymer 
For covering the zeolite coatings with thin polyacrylic acid films, polyacrylic acid 
was synthesized by solution polymerization using water as a solvent. In this study, 
the reaction was carried out in a three-necked round bottom flask provided with a 
magnetic stirrer and placed in an oil bath. For the polymerization solution, 2.11 g 
acrylic acid (Aldrich – anhydrous 99 %), 0.0109 g benzoylperoxide (Merck –          
72-77 % with 25 % water, molecular mass 242.23 g/mol) as the initiator, were 
combined with 25 ml = 25 g deionized water (density of deionized water: 1 g / ml).  
A three-necked bottle was placed in a silicon oil bath for polymerization by stirring 
under nitrogen atmosphere. Polymerization duration was 2 hours under 85-90˚C. The 
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The final solution was directly used for covering the zeolite coatings. As a result, 
polyacrylic acid and acrylic acid, were both included in the coating.  However, in this 
study, the solutions prepared for covering zeolite coatings are represented by the 
degree of polyacrylic acid dilution. 
1.4634 g / (2.11 g + 0.0109 g + 25 g ) = 0.054 = 5.4 % the final reaction mixture. 
The mixture with 5.4 % concentration was diluted to 2.7 % and 1.4 % of 
concentrations. In order to obtain solution with 2.7 % concentration, in other words 
diluting the solution to its half concentration, 12.5 ml of the original solution was 
mixed with 12.5 ml of deionized water.  Also the 5.4 % solution was diluted to 1.4 % 
by mixing 12.5 ml of the original solution with 37.5 ml deionized water. 
In order to cover the zeolite coated plates with polymer, firstly an adequate amount 
of the related reaction solution was poured in a petri dish. Later the zeolite coated 
plate was dipped into this solution horizontally and removed after a few seconds. As 
the plate was dipped into the polymer solution,  no force such as stirring is applied. 
The plates were left under room temperature for 2 hours and placed in the oven for 
24 hours for the polymer coating to dry.  
3 different zeolite coated plates were coated with 5.4 %, 2.7 % and 1.4 % polymer 
solutions in order to determine the most effective polymer coating composition. The 
necessary solution composition that will be used for coating, should be viscous 
enough to constitute an appreciable amount of coating, but fluidic enough to leak 
into the micropore. Later, 5 different samples of zeolite coatings (Samples 6, 7, 8, 9 
and 10 as shown in Table 3.2) were coated with the determined compostion of the 
polymer and their thermal-mechanical stabilities were tested. 
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3.2.3 Evaluation methods 
3.2.3.1 TGA and DTA tests 
Thermogravimetric analysis was performed for both the zeolite coated and polymer-
zeolite coated plates in order to determine if there were any changes in the sorption 
performances of the zeolite coatings. TGA (Shimadzu TA-503) was performed 
between ambient temperature and 150 °C under a nitrogen flow of 20 ml/min. A 
heating rate of 20 °C/min was used to raise the temperature of the coatings to 150 °C, 
after when the temperature was kept constant for 15 min. The bare zeolite coating 
and polymer-zeolite coating prepared after 24 hours of synthesis is also analysed by 
the TGA device utilised in Fraunhofer Institute, Freiburg, Germany for a 
comparison. 
Differential thermal analysis (Perkin Elmer Diamond TG/DTA) was used for the 
thermal characterization of the synthesized polymer. 
In the TGA/DTA tests, the temperature was raised from room temperature to 300˚C 
with a heating rate of 20˚C and performed for both the synthesized polymer and the 
commercial polyacrylic acid. 
3.2.3.2 Ultrasonic bath and heating-cooling cycle tests 
The mechanical stabilities of the zeolite and polymer-zeolite coatings were compared 
by using the ultrasonic treatment method (Sonorex digital). The ultrasonic treatment 
was applied at 30˚C and for 30 min  with 10.5 kHz, 21 kHz and 35 kHz vibration 
frequencies, respectively. Hexane was used as the fluid contacting the plates due to 
the miscibility of polyacrylic acid in water. At the end of the tests, the plates were 
exposed to sudden heating. They were heated to 150 ˚C in 1 minute and afterwards 
removed from the hotplate to cool down under humidity controlled ambient 
temperature and pressure conditions for 1 day. This procedure was repeated for 3 
times. Then the samples were exposed to ultrasonic treatment at 30˚C for 30 min 
with 35 kHz vibration frequency again to determine if the performance of the zeolite 
coating as an adsorbent was affected under extreme conditions such as immediate 
heating. The samples were kept in a desiccator under a controlled humidity 
atmosphere (saturated NH4Cl solution) and weighed at the end of every single stage 
of the stability tests and TGA analyses in order to determine the loss of coating mass. 
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3.2.3.3 Characterization tests 
The polymer identification was done by FTIR (Fourier transform infrared 
spectrometry) (Perkin Elmer Spectrum One) method and the zeolite identification 
was done by XRD (X-ray diffraction) (Pananalytical X’Pert Pro) method. Also for 
further characterization, Field Emission Gun Scanning Electron Microscopy 
(FEGSEM) (JEOL JSM-7000S) was used. On the other hand, the conformity of the 
coatings for heat pumps were investigated using a laser flash thermal conductivity 
and thermal diffusivity measuring device (Xenon LFA 447 NanoFlash®). 
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4.  RESULTS 
Zeolite 4A and 13X coatings were prepared after 18-72 hours of synthesis. The mass 
equivalent thicknesses of the synthesized zeolite A and X coatings, which varied 
between 130 µm and 360 µm, were calculated by dividing the total mass of zeolite 
deposited per 0.5 cm2 (coated area) to the density of the zeolite. The phases in the 
coatings were identified by the X-ray diffraction patterns given in Figure 4.1, 
representing zeolite A and zeolite X coatings both prepared after 48 h of synthesis 
[32].  
 
Figure 4.1: XRD results of (a) Zeolite X (48h); (b) Zeolite A (48h) 
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At least two zeolite coatings of similar thicknesses were prepared for each synthesis 
condition used in this study. One of the zeolite coatings in each set was covered with 
a thin polyacrylic acid film. For this purpose, polyacrylic acid was polymerized in 
bulk as explained in Section 3.2.2. 
The polymer was dehydrated to prevent the formation of a water peak and was 
analysed by FTIR method. The peaks were confirmed from the literature and also by 
comparing with the FTIR results of two different commercial polymers (Mw 450 000 
and 3 000 000) that the desired polymer was synthesized [27,33]. Also the hexane 
that was used in the ultrasonic bath tests was analysed by FTIR in order to confirm 
the immiscibility of polyacrylic acid in hexane. The FTIR results of the synthesized 
PAA were presented in Figure 4.2. The FTIR result of hexane is presented in Figure 
4.3. The hexane peaks were checked by using the information from literature and it 
was observed that no characteristic peak of PAA was present in the FTIR result of 
hexane [27,33,34].   
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Figure 4.6 shows the TGA curve of a polyacrylic acid film coated on stainless steel 
in this study. The amount of water desorbed between room temperature and 150°C 
was equal to about 12 % of the initial weight of the sample. 
 
Figure 4.6: TGA analysis of saturated polyacrylic acid. 
Initially, 3 different zeolite coatings prepared after 24 hours of synthesis were coated 
using solutions with dilutions of 1.4 %, 2.7 % and 5.4 %, in order to determine the 
most effective composition for the coating.The TGA results showed that the 
desorbed water amount of 2.7 % polymer coated zeolite was 15.5 %, while the others 
were 14.6 % and 14.9 % (Figure 4.7). This difference was not very high for a proper 
selection. However it was decided that as an average value, the 2.7 % solution, which 
also provided slightly better desorption performance, was a convenient polymer 
solution for covering zeolite coatings. Thus all the other zeolite coatings were 
covered with polymer films prepared from a solution with dilution of 2.7 % which 
provided intermediate film thickness. 
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Figure 4.7: The TGA results of zeolites coated with different polymer solutions:           
1.4 %, 2.7 %, 5.4 %. 
Table 4.2: Percentage of the water losses of the polymer-zeolite coated plates 
covered with 1.4 %, 2.7 %, 5.4 % of polymer solutions. 
Polymer Solution % Weight (water) Loss 
1.4 % 14.9 % 
2.7 % 15.5 % 
5.4 % 14.6 % 
The FEGSEM pictures of the zeolite A coating prepared after 24 hours of synthesis 
and coated with polyacrylic acid film prepared from a polymer solution of 2.7 %, is 
presented in Figure 4.8. In the FEGSEM pictures, the thin polyacrylic acid layer is 
observed to be well-integrated with the zeolite crystals. The zeolite coatings prepared 
using substrate heating synthesis method, exhibit a tree-like formation with inter-
crystalline voids. As a result, the zeolite layer thickness is not uniform for the 
coatings on metal plates. This nature of the zeolite coatings was not altered after 
coating with polyacrylic acid. The intercrystalline voids, which are thought to be 
responsible for the open nature and high effective diffusivities obtained for these 
coatings [35], continued their existence. 
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In Figure 4.9, the TGA results of the zeolite coated plates are compared to those of 
the polymer-zeolite coated plates. It can be observed that the desorption behaviour of 
the bare zeolite coatings and polymer-zeolit coatings are almost same. Also it is clear 
that there is no negative effect of polymer coating on the desorption performance of 
the zeolite coating.  In fact a slight increase in the desorbed amount of water from the 
polymer-zeolite coated plates, when compared to pure zeolite coatings, can be 
observed from Figure 3.11. The zeolite coatings covered with polymer desorbed 
higher amount of water when compared to the pure polymer coating prepared in this 
study, too. The mentioned increase can be attributed to a possible interphase-like 
structure occuring between the zeolite and the polymer. The idea of an interphase 
was previously used for explaining the changes in permeability with variations in the 
zeolite particle size for zeolite-polymer mixed matrix membranes [36]. 
The thermogravimetric behaviours of the samples were measured using the 
thermogravimetric device in the Istanbul Technical University labs which is 
Shimadzu TA-503. In order to do a crosscheck, the zeolite coated sample and 
polymer-zeolite coated sample both prepared after 24 hours of synthesis were 
analysed using the Setsys Evolution TGA device at the Fraunhofer Institute. Both 
experiments were conducted using exactly the same samples. The results are 
presented in Figure 4.9(c). The experiments conducted in Istanbul Technical 
University labs and Fraunhofer Institute labs showed the same behaviour and also the 
higher desorption percentage of the polymer coated sample than the pure zeolite 
coated sample can be observed in the Setsys measurement as well. However, 
according to the measurements in Fraunhofer Institute, the desorped water 
percentages of the samples were both lower than the percentages that were obtained 
in Istanbul Technical University. This can simply be explained by different storage 
conditions between Freiburg and Istanbul depending on the regional humidity 
difference. 
After the TG measurements, the samples were left again in humidity-controlled 
environment and it was observed that they returned to their initial weights. So the 
mass decrease observed in TG results (Figure 4.9) was confirmed not to be due to 
any material loss. 
45 
(a)                      (b) 
        
(c)               (d) 
             
(e)      (f) 
      
Figure 4.9: Comparison of the TGA results of the only-zeolite and polymer-zeolite 
coated plates. (a) Zeolite A – reaction duration; 18 hours (b) Zeolite A – reaction 
duration : 24 hours; (c) Zeolite A, measured in Fraunhofer Inst. – reaction duration : 
24 hours; (d) Zeolite A – reaction duration : 48 hours; (e) Zeolite X – reaction 
duration : 48 hours; (f) Zeolite X – reaction duration : 72 hours 
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The ultrasonic treatment and rapid heating-cooling cycle test results are presented in 
Table 4.3. It can be observed that the polymer coated zeolite coatings were more 
stable while the bare ones were less stable in all situations. The total mass losses of 
the zeolite coated samples was between 1.5-23 % while those of the polymer covered 
zeolite coatings varied between 0-4 % of their initial masses. It can be indicated that, 
the zeolite coatings are generally stable too, except zeolite 4A synthesized for 18 
hours and zeolite 13X synthesized for 48 hours which lost 10.2 % and  22.9 % of 
their initial mass, respectively. Interestingly these two coatings were the thinnest 
zeolite A and thickest zeolite X coatings achieved in the studies. As a result, it can be 
observed that the synthesis conditions affect the stability, but it is not possible to 
mention that with the increasing thickness of the coating the stability decreases. 
There is not a distinctive difference observed between the thermal and mechanical 
stabilities of the coatings. The applied thermal cycles did not cause any physical 
modifications on the coatings including fractures. 
Table 4.3: Ultrasonic treatment results of the coatings. 1: coating weight after 10.5 
kHz of ultrasonic treatment; 2: coating weight after 21 kHz of ultrasonic treatment; 
3: coating weight after 35 kHz of ultrasonic treatment; 4: coating weight after 
heating-cooling cycles; 5: coating weight after 35 kHz of ultrasonic treatment 
Zeolite 
types 
(synthesis 
durations) 
Coating Weights (mg) 
Coating Mass After Stability 
Tests (mg/0.5 cm2) 
Zeolite 
Coating 
Polymer 
Coating  TOTAL  1 2 3 4 5 
% Total 
Mass Loss 
A(18)   13.6 ‐  13.6 13.2 13.2 13.1 12.7 12.2  10.3% 
A+PAA(18)   18.7 1.3  20 20 19.9 19.9 19.7 19.4  3.0% 
A(24)  22.4 ‐  22.4 22 21.8 21.7 21.4 21.4  4.5% 
A+PAA(24)  31.2 1.7  32.9 32.9 32.9 32.8 32.4 32.2  2.1% 
A(48)  32.8 ‐  32.8 32.6 32.5 32.1 32.1 32.1  2.1% 
A+PAA(48)  36.4 1.4  37.8 37.8 37.8 37.8 37.2 37.2  1.6% 
X(48)  20.5 ‐  20.5 19 17.7 16.7 16.3 15.8  22.9% 
X+PAA(48)  17.8 2.4  20.2 20.2 20.1 19.9 19.6 19.4  4.00% 
X(72)  33.9 ‐  33.9 33.7 33.6 33.4 33.4 33.4  1.5% 
X+PAA(72)  26.2 2.5  28.7 28.7 28.7 28.7 28.7 28.7  0.0% 
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to be reasonable while the thermal diffusivity results of the pure polyacrylic acid 
gives the idea that the PAA film on the zeolite coatings should have increased the 
thermal diffusivity of the whole coating. It is believed that the reason of the decrease 
in thermal diffusivity is due to the density increase originating from the PAA film 
filling some of the voids inside the zeolite coating. 
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5.  CONCLUSIONS  
In this project, the zeolite coatings synthesized on stainless steel plates were covered 
by extra polyacrylic acid layers as a post-synthesis treatment. The stability of the 
coatings might thus be increased compared to the non-treated ones. Since the 
synthesized polyacrylic acid layer was very thin, the coating mass was only slightly 
changed after the treatment. The polymer coating did not lead to any problems 
regarding water desorption from the zeolite coatings, on the contrary, the post-treated 
samples desorbed somewhat higher amount of water compared to both the bare 
zeolite and polymer coatings in the relevant temperature interval. It can also be 
indicated that the polyacrylic acid film was attached and well-integrated with the 
zeolite crystals and metal surface. On the other hand the tree-like crystal structure 
and voids in between were not damaged or modified after polymer coating. 
The stability and water sorption characteristics of the coatings are crucial for their 
use in adsorption heat pumps. The stabilities of the coatings should be increased 
without causing any limitations in heat and mass transfer. Moreover, the properties 
of the polymer such as hydrophilicity and decomposition temperature should be 
considered. Using water as an adsorbate brings the necessity of the used material to 
be hydrophilic and since heat pump applications are operated between 100-150˚C,  
higher decomposition temperatures are required for the polymer.  
This study shows that coating a thin polyacrylic acid film on zeolite coatings 
provides a composite adsorbent appropriate for adsorption heat pump applications. 
The stability improvement of the zeolite coatings is also expected to be useful for 
other zeolite applications. The synthesis and purification technique of polyacrylic 
acid can be improved and different kinds of initiators and/or solvents can be used. 
Additionally, various types of polymers, zeolites and substrates can be investigated 
for researches with different purposes. 
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